The thermophilic actinomycete Thermomonospora fusca produced endoxylanase, ae-arabinofuranosidase, ,-xylosidase, and acetyl esterase activities maximally during growth on xylan. Growth yields on glucose, xylose, or arabinose were comparable, but production of endoxylanase and I-xylosidase was not induced on these substrates. The crude xylanase activity was thermostable and relatively resistant to end product inhibition by xylobiose and xylan hydrolysis products. Six proteins with xylanase activity were identified by zymogram analysis of isoelectric focusing gels, but only a 32-kDa protein exhibiting three isomeric forms could be purified by fast protein liquid chromatography. Endoglucanases were also identified in carboxymethylcellulose-grown cultures, and their distinction from endoxylanases was confirmed. oa-Arabinofuranosidase activity was due to a single dimeric protein of 92 kDa, which was particularly resistant to end product inhibition by arabinose. Three bands of acetyl esterase activity were detected by zymogram analysis, and there was evidence that these mainly consisted of an intracellular 80-kDa protein secreted to yield active 40-kDa subunits in the culture supernatant. The acetyl esterases were found to be responsible for acetyl xylan esterase activity in T. fusca, in contrast to the distinction proposed in some other systems. The addition of purified j-xylosidase to endoxylanase increased the hydrolysis of xylan, probably by relieving end product inhibition. The enhanced saccharification of wheat straw caused by the addition of purified a-arabinofuranosidase to T. fusca endoxylanase suggested a truly synergistic relationship, in agreement with proposals that arabinose side groups on the xylan chain participate in cross-linking within the plant cell wall structure.
Several types of enzyme appear to be involved in the degradation of native xylan. Endoxylanases, which attack the linear polyxylose chain in a manner analogous to that of endoglucanase on cellulose, are the most important and have accordingly received the most attention. These enzymes are produced by a wide range of microorganisms (44) , but there is much more limited information available on the production of the other enzymes that contribute to the complete saccharification of hemicellulose. ,B-Xylosidase hydrolyzes xylobiose and oligosaccharides to complete the conversion of xylan to xylose and probably relieves end product inhibition of endoxylanase activity. This activity appears to be extracellular in fungi but cell associated in bacteria, although relatively few of these enzymes have been studied in detail. Other enzymes play an important role in the removal of side groups from polymeric xylan to create more sites for subsequent enzymatic hydrolysis (6, 18) and possibly contribute to lignin solubilization by attacking the covalent bonds responsible for the integrity of the lignocarbohydrate matrix (11, 12) . These enzymes include arabinofuranosidase, ferulic acid esterase, ot-glucuronidase, and acetyl esterase. The study of xylan degradation therefore provides an opportunity to investigate how multicomponent enzyme systems hydrolyze a chemically complex polymer. More specifically, information about xylan degradation is essential to the development of lignocellulose saccharification processes and applications in the food and polymer industries.
Actinomycetes have become established as a useful source of enzymes that attack lignocellulose (3, 37) . Within this group of bacteria, the thermomonosporas produce thermostable enzymes, and their endoglucanases have been investigated extensively (55) . Endoxylanase activity has * Corresponding author.
been described (4, 38, 45) , and a Thermomonospora fusca xylanase gene has been cloned into Escherichia coli and Streptomyces lividans (15) . There is evidence that T. fusca, like many other microorganisms (57) , produces multiple endoxylanases (4), but these have not been further characterized. One component of the T. fusca xylan-degrading system, the cell-bound thermostable f-xylosidase, has been purified and characterized in some detail (2) , and one of the objectives of this study is to obtain similar detailed biochemical information on arabinofuranosidase, acetyl esterase, and the multiple endoxylanases. The issue of substrate specificity, particularly concerning acetyl esterase (27) , is addressed, and evidence for synergy between different enzymes acting on both purified and native substrates is examined.
MATERIALS AND METHODS
Strains and growth conditions. T. fusca BD21 was selected from 30 T. fusca and Thermomonospora curvata strains assayed for xylanase activity as described previously (38) . Strain BD21 was selected as the best producer ( up to 25 U per ml of culture supernatant) under these conditions. The strain was maintained as a suspension of spores and hyphal fragments in 20% (vol/vol) glycerol at -70°C and routinely cultured on L-broth agar plates and slopes (21) incubated at 50°C for 72 h or until sporulation occurred.
For routine liquid cultures, distilled water suspensions of sporulating growth were used to inoculate 250-ml shake flasks containing 40 ml of minimal salts-yeast extract medium (pH 8.0) (38) supplemented with 0.2% (wt/vol) oat spelt xylan (Sigma) or carboxymethylcellulose (CMC; low viscosity; BDH Ltd.). Cultures were incubated for 72 h at 200 rpm at 50°C, and growth was removed by centrifugation at 10,000 x g for 10 min at 4°C. For observations on the time course of enzyme production and the effects of different growth substrates, cultures were incubated for up to 160 h and samples were removed at intervals for enzyme assays. In these experiments, enzyme production was also measured in liquid medium containing 0.2% xylose, glucose, or arabinose. Culture supernatants were used as crude enzyme preparations and could be stored at -20°C in the presence of 0.03% (wt/vol) sodium azide for 1 week without appreciable loss of enzyme activity. Crude intracellular enzymes were prepared from harvested mycelium, washed three times in 0.05 M phosphate buffer (pH 6.5), resuspended in 5 ml of buffer, and sonicated in an ice bath for 10 min at 19 ,um peak to peak in 30-s bursts. The crude lysate was cleared by centrifugation at 10,000 x g for 10 min at 4°C, and 0.03% (wt/vol) sodium azide was added before storage at -20°C.
Enzyme assays. Xylanase activity was determined by monitoring the release of reducing sugar from xylan by the dinitrosalicylic acid method (40) . The method is essentially as described previously (38) , except that the reaction time was reduced to 5 min, during which the release of reducing sugar was linear. One unit of xylanase activity was defined as the amount of enzyme that released 1 ,umol of reducing sugar (expressed as xylose equivalents) per min at 65°C and pH 7.0. Enzyme and substrate controls were routinely included, and all enzyme preparations were appropriately diluted for the determination of activity in the presence of a negligible background reducing sugar concentration. This assay procedure was scaled down to a total volume of 200 ILI for the qualitative identification of endoxylanase activity in microtiter plates (3) .
The hydrolysis of CMC to reducing sugar is a standard assay for endoglucanase activity. Enzyme activity was measured by replacing xylan with 20 mg of CMC in the reaction mixture described above. ,-Xylosidase activity was measured as described previously (2) . A method described previously for the measurement of P-glucosidase activity (19) was used to assay arabinofuranosidase activity with p-nitrophenol-oL-L-arabinofuranoside (pNPA) as a substrate.
The liberation of p-nitrophenol from pNPA (Sigma) was monitored in a reaction mixture buffered at pH 6.0 and incubated at 50°C for 30 min. Arabinofuranosidase activity was also assayed qualitatively in microtiter plates by a method analogous to that described above for P-xylosidase.
Acetyl esterase activity was assayed by monitoring the liberation of 4-methylumbelliferone from 4-methylumbelliferyl acetate (Sigma) with a fluorescence spectrophotometer (Perkin-Elmer 3000). Assay mixtures containing 0.02 M phosphate buffer (pH 5.7) saturated with 4-methylumbelliferyl acetate (10 mmol in 1.3 ml) and an enzyme preparation appropriately diluted in the same buffer (0.2 ml). Assays were incubated at room temperature for up to 50 min, during which the release of 4-methylumbelliferone remained linear with time. Fluorescence was read at an excitation wavelength of 335 nm and an emission of wavelength of 440 nm against a reagent blank. The reaction was linear with 0 to 40 ,uM 4-methylumbelliferone. One unit of activity was expressed as the liberation of 1 ,umol of methylumbelliferone ml-' min-' under the above assay conditions. This assay procedure was scaled down for microtiter plates by combining 100 ,ul of the enzyme preparation with 100 ,ul of saturated 4-methylumbelliferylacetate at pH 5.7. After incubation for 30 min at room temperature, active samples were detected by observing fluorescence at 360 nm with a UV transilluminator. Assays for acetyl esterase were also performed by monitoring the liberation of p-nitrophenol from p-nitrophenylacetate (Sigma) spectrophotometrically at 400 nm (9) . Preparative chromatofocusing was also used to separate proteins and determine isoelectric points. Samples (500 ,ul) were separated by using a pH gradient on a Mono P HR 5/20 column (Pharmacia) with a flow rate of 0.5 ml min-'. The pH of the eluate was measured by using an inflow pH electrode (Pharmacia). The protein concentration (A280) was determined, and fractions (1.0 ml) were collected.
The purification of arabinofuranosidase activity from a crude intracellular enzyme preparation was achieved by using a method described previously for the purification of P-xylosidase (2) with the following modifications. The sample size was increased to 2.0 ml before anion-exchange chromatography, and the ot-arabinofuranosidase-containing fraction was concentrated to a final volume of 200 ,ul with a Centrisart I filter unit (Sartorius; 20-kDa cutoff). The concentrated fraction was further purified by gel filtration, again as described previously for ,B-xylosidase (2) .
For the purification of acetyl esterase activity, the culture lysate (2.0 ml, 3.0 to 4.0 mg of protein) was first concentrated to a final volume of 200 p.1 with a Centrisart I filtration unit as described above. The filtrate and the retentate (>20 kDa) were assayed for acetyl esterase activity. All of the detectable acetyl esterase activity was present in the retentate, and this fraction was used in the next purification step. The concentrated lysate (200 ,ul) was fractionated by gel filtration after preequilibration of the column with 50 mM phosphate buffer (pH 5.7). These conditions were found to be optimal for acetyl esterase and for the stability of the methylumbelliferyl acetate substrate. Active fractions were pooled and concentrated by centrifugation for 10 min with a Centrisart I filter. The retentate, which contained all of the acetyl esterase activity, was reduced to a final volume of 600 ILI and separated by anion-exchange chromatography as described above but with the following buffer system: 20 mM piperazine (pH 5.44) and 1 M NaCl-20 mM piperazine (pH 5.44). Intracellular and extracellular acetyl esterase activities were compared by using gel filtration, and active samples were detected by using the microtiter plate assay described above.
Gel filtration was used to determine xylanase molecular weights and as a purification step. Optimum recovery of xylanase activity was obtained with the conditions described previously for 3-xylosidase gel filtration (2) . Further purification was attempted by chromatofocusing as described above with the following buffer system: 25 mM diethanolamine-HCl (pH 9.5), 1.0 ml of pharmalyte (pH 8.0 to 10.5), and 5.2 ml of polybuffer 96 (pH 7.01).
Gel electrophoresis. Polyacrylamide gels were prepared by the method of Laemmli (29) and contained either 10 or 15% acrylamide. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described previously (2) . Native PAGE gels were constructed in the absence of SDS, and the volume was made up with distilled water. Samples were mixed with an equal volume of native sample buffer that did not contain SDS or P-mercaptoethanol. For gels that were to be developed as zymograms, samples were not boiled but were incubated at 50°C for 2 h in SDS sample buffer to permit dissociation without loss of enzyme activity and loaded immediately onto the stacking gel; SDS was omitted from the running buffer during electrophoresis.
Protein bands were visualised by staining with silver nitrate with a silver staining kit (Bio-Rad). For direct detection of xylanase activity after electrophoresis, a modification of the method of Lowe and coworkers (32) was applied. Immediately after electrophoresis, tracks containing boiled Mr markers were removed and silver stained. The remaining tracks were soaked in three 400-ml volumes of 40 mM Tris-HCl (pH 7.0) at room temperature for 3 h. Gels were then incubated at 50°C for 2 h in 500 ml of 0.1 M Tris-HCl (pH 7.0) containing 2 mM CaCl2 and 0.5% oat spelt xylan. Gels were washed in distilled water and stained with Congo red (1 mg ml-') (52) for 1 h and then destained in 1 M NaCl until bands of activity became visible. For a-arabinofuranosidase, zymograms were developed as for P-xylosidase (2) , except that the buffer was adjusted to pH 6.0 because of the instability of the pNPA substrate. The polyacrylamide gel was sandwiched to the detection gel, which contained 1 mM pNPA dissolved in 1% agarose at pH 6.0.
For acetyl esterase, 4-methylumbelliferyl acetate was used as the substrate (7), and bands of activity detected at 360 nm by using a UV transilluminator.
The Pharmacia Phast system was used for rapid isoelectric focusing (IEF) with minigels. Broad-range pl 3.0 to 9.0 IEF gels and protein calibration kits were used, and separations were achieved as recommended by the manufacturer. Endoxylanases were detected by the replica gel technique with remazol brilliant blue xylan (Sigma) as described by Biely and coworkers (8) . Endoglucanase activity was detected essentially by the method of MacKenzie and Williams (35) ; however, the CMC content of the replica gels was increased to 0.5% and gels were placed in contact with the IEF gel for 1 to 2 h at room temperature before they were stained with Congo red.
Enzyme kinetics and pH and temperature relationships. The optimum pH for xylanase and a-arabinofuranosidase activity was determined by incubating the crude enzyme preparation with the appropriate substrate dissolved in Britton and Robinson universal buffer (24) at pH 3.0 to 11.0. The activity was assayed as described above. The thermostability of xylanase activity was assessed by incubating culture supernatants at 70 and 80°C and removing 320-,I aliquots at 15-min intervals. Samples were immediately cooled on ice and then assayed for enzyme activity. a-Arabinofuranosidase thermostability was similarly assessed at 50, 65, and 700C.
The kinetics of crude arabinofuranosidase activity were determined by using basic previously described methods (46) . The arabinofuranosidase Km was calculated by using a substrate (pNPA) concentration of 0.05 to 1.0 mM at pH 6.0 and 50°C. Inhibition with 50 and 90 mM arabinose was used to determine the Ki.
The kinetics of crude and partially purified xylanase preparations were determined by previously reported methods (45) . Assays were performed at pH 7.0 and 65°C, and the oat spelt xylan concentration varied from 0.5 to 4.0 mg ml-'. The effect of end product inhibition by xylan hydrolysis products was determined as described previously (4). The putative inhibitors xylose (10 and 20 mM) and xylobiose (0.2 and 0.9 ,uM) were incorporated into the xylanase assay mixture, with the appropriate controls. At these concentrations, the background reducing sugar values did not seriously interfere with the assay procedure. Inhibition by mercury, copper, nickel, and cobalt ions was investigated by incorporating appropriate salts in the assay mixture (0.1 to 75 mM final concentration). The relief of inhibition effects by the addition of dithiothreitol (1 to 10 mM final concentration) was also tested.
Experiments on cooperative enzyme action. Purified enzyme preparations were assessed for their contribution to both xylan and wheat straw saccharification. Samples (40 mg) of either ball-milled wheat straw or oat spelt xylan were placed in a conical flask with endoxylanase (1.8 U) and either 3-xylosidase (0.08 U) or a-arabinofuranosidase (0.003 U) in a final volume of 3.2 ml. Control flasks were also prepared with single enzymes. Flasks were shaken at 65°C for 2 h, and the samples (200 ,.zl) were removed at 15-min intervals and assayed for the release of reducing sugar as described above. A similar experiment was performed in which the effect of adding T. fusca xylanase (1.8 U) to Trichoderma cellulase (100 p.l; Boehringer Mannheim) on the saccharification of ball-milled straw was determined. Finally, a T. fusca endoxylanase fraction (1.8 U) was added to purified acetyl esterase (8 x 10-4 U), and the effect on the release of acetic acid from acetyl xylan was determined by assaying after 1 h at 50°C as described above.
RESULTS
Enzyme production. The production of extracellular enzymes involved in xylan degradation was wholly growth associated in cultures of T. fusca BD21 grown on broth containing 0.2% xylan at 50°C. Growth, as assessed by both VOL. 57, 1991 on October 29, 2017 by guest http://aem.asm.org/ Downloaded from dry weight and intracellular protein, generally proceeded to a maximum after 80 to 100 h of incubation; then growth ceased, and progressive lysis was observed. Accordingly, the levels of acetyl esterase, xylanase, and arabinofuranosidase in culture supernatants rose to maxima at approximately 80 h, and high xylanase levels in particular persisted after growth had ceased. Intracellular P-xylosidase activity followed a similar pattern and decreased with the concomitant appearance of P-xylosidase in the culture supernatant as lysis occurred after approximately 100 h.
All four enzyme activities were highest when xylan was the main carbon source, even though growth yields were similar to those on the media containing xylose, glucose, or arabinose (1.5 mg of intracellular protein per ml after 72 h). Extracellular acetyl esterase and arabinofuranosidase levels were low (<0.1 U ml-1) in xylan cultures and virtually undetectable on the other substrates. Xylanase production was clearly induced by growth on xylan (20 U ml-') with preliminary evidence for some induction by xylose (4 U ml-'), depending on whether xylanase levels detected in arabinose and glucose cultures (0.5 U ml-') are indicative of constitutive or repressed enzyme production. Intracellular ,B-xylosidase production was also clearly induced by growth on xylan.
General properties of the crude xylanase activity. The endoxylanase activity was found to be optimal at pH 6.0 to 8.0, with expression of 40 to 50% of this activity at pH >9.0 but <10% of this activity at pH 4.0. The activity had half-lives of 6 h at 70°C and 1 h at 80°C in the absence of a substrate. The affinity of the crude enzyme preparation for oat spelt xylan was determined by using a Lineweaver-Burk plot, which gave an apparent Km of 2.6 mg ml-1. No inhibition of endoxylanase activity was apparent when D-Xylose (at final concentrations of up to 20 mM) was added to the reaction mixture. In contrast, at concentrations of 3.3 and 6.6 ,uM xylose equivalents, xylan hydrolysis products competitively inhibited endoxylanase activity, with an approximate Ki of 2.5 ,uM (+ 0.46 piM). Specific inhibition by xylobiose was detected at a concentration of 0.9 ,uM, which resulted in an approximately 20% reduction in activity. Finally, crude xylanase activity was found to be susceptible to inhibition by a number of metal ions (concentrations causing 50% reduction in activity are given within parentheses): mercury (20 mM), copper (2.5 mM), nickel (9.5 mM), and cobalt (32.0 mM). The recovery of this activity by the addition of dithiothreitol indicated the involvement of sulfhydryl groups at the active sites. At low metal ion concentrations (<1 mM), some apparent activation effects were observed, but further analysis showed that only activation by cobalt in the range of 0.2 to 0.4 mM (30 to 35% increase in activity) was statistically significant. Separation and identification of T. fusca endoxylanases.
Native PAGE of culture supernatants revealed the presence of four bands of xylanase activity in gels developed as zymograms (Fig. 1, lane 1) . Crude intracellular preparations had the same zymogram profile (Fig. 1, lane 2) , suggesting that the endoxylanases were not significantly modified during secretion. Denaturing gels, developed as zymograms by using enzyme preparations incubated in sample buffer at 50°C, contained only two bands (32 and 24 kDa) in both intracellular and extracellular preparations (Fig. 1, lanes 3  and 4) . These results strongly suggest that the low-molecu- CMC (approximately 1.5 U per ml of culture supernatant after 72 h of incubation). Analysis by native PAGE with development of gels as zymograms revealed three endoglucanases, whereas broad-range IEF enabled identification of only a single broad band of endoglucanase activity (pl 3.5) that was clearly distinct from the corresponding xylanase pattern described below. The T. fusca xylanase activity (86% recovery) eluted from the Superose 12 gel filtration column as two peaks corresponding to proteins of 32 and 24 kDa (Fig. 2a) , although SDS-PAGE analysis of all active fractions showed that they had not been separated (Fig. 2c,  lane 1) . Similarly, the application of anion-exchange chromatography was unsuccessful in achieving proper separation of the two low-molecular-weight xylanases (data not shown). A total of six bands of endoxylanase activity (pl 5.1 to 8.6) were identified by release of remazol brilliant blue (RBB) from RBB-xylan on IEF gels, in complete agreement with previous analysis of another strain of T. fusca (4). In subsequent fractionation by preparative chromatofocusing in the narrow pH range 9.5 to 7.01, three major endoxylanase peaks were eluted (Fig. 2b) , corresponding to proteins with pIs of 7.9, 8.2, and 8.6. All three endoxylanases had apparent molecular masses of 32 kDa (Fig. 2c) .
Properties and purification of arabinofuranosidase activity. The arabinofuranosidase activity was primarily extracellular, although enzyme preparations from both culture solids and supernatants yielded a single band of activity on native PAGE gels developed as zymograms (Fig. 3, lanes 1 and 2) . The optimum pH for arabinofuranosidase activity was found to be 6.0, and thermostability was limited compared with that of endoxylanase (see above) and P-xylosidase (2); arabinofuranosidase, endoxylanase, and 3-xylosidase had half-lives of 180, 67, and 10 min at 60, 65, and 70°C, respectively. The crude enzyme exhibited a Km of 0.1 mM pNPA when assayed at pH 6.0 and 50°C and was shown to be competitively inhibited by L-arabinose with an apparent Ki of 33.2 mM arabinose.
Arabinofuranosidase in culture sonic extracts was purified and concentrated by using FPLC. All of the arabinofuranosidase activity eluted in fraction 14 after separation by anionexchange chromatography, and this fraction was concentrated and further purified by gel filtration. The arabinofurano- sidase activity had an elution volume of 12.0 ml, corresponding to a molecular mass of 92 kDa, surprisingly in agreement with the crude size estimation based on native PAGE zymogram analysis and the single band identified by silver staining (Fig. 3, lane 3) . Denaturing gels were also silver stained to reveal a single band of 46 kDa (Fig. 3, lane 4) , suggesting that the T. fusca arabinofuranosidase is composed of two subunits with identical molecular masses. The results of the purification protocol are outlined in Table 1 . Activity and purification of acetyl esterase. Acetyl esterase activity was initially analyzed by gel filtration at pH 5.7 with FPLC. The resulting fractions were assayed qualitatively by using the microtiter plate assay and quantitatively by using fluorescence spectrophotometry, both with 4-methylumbelliferyl acetate as a substrate. We encountered problems with nonspecific release of p-nitrophenol from p-nitrophenylacetate, so we abandoned this assay for acetyl esterase activity at an early stage. The extracellular acetyl esterase activity eluted as two major peaks corresponding to molecular masses of 40 Purification of the 80-kDa acetyl esterase was achieved by anion-exchange chromatography of pooled gel filtration fractions. A 20-fold purification of the enzyme was achieved with this procedure (Table 2 ). The purified protein was visualized by SDS-PAGE and silver staining (Fig. 4, lane 3) ; a single 40-kDa band was present. This supports the above sugge'stion that the 80-kDa acetyl esterase is a dimer composed of two 40-kDa active subunits and was confirmed by the observation of a 40-kDa band of acetyl esterase activity after SDS-PAGE zymogram analysis (Fig. 4, lane 4) .
Concentrated intracellular (5-fold) and extracellular (20- fold) crude enzyme preparations were examined for their ability to liberate acetic acid from acetyl xylan. The intracellular fraction was able to hydrolyze 74% of the available acetyi linkages, which corresponds to 0.44 U of acetyl xylan esterase activity per ml. The extracellular fraction hydrolyzed 68% of the acetyl linkages corresponding to 0.39 U m-'. This acetyl xylan esterase activity was due to the action of the acetyl esterases identified above (Table 3) .
Coobperative enzymatic degradation of xylan and straw. Purified arabinofuranosidase, acetyl esterase, and c-xylosidase (2) and partially purified eidoxylanase preparations the purified 80-kDa acetyl esterase was considerably increased in the presence of endoxylanase (Table 3) .
Purified 3-xylosidase released negligible amounts of reducing sugar from oat spelt xylan but significantly enhanced the action of endoxylanase on this substrate in a timedependent manner (Fig. 5a ). Saccharification of ball-milled wheat straw by these enzymes resulted in lower yields of reducing sugar, and there was no evidence for any enhancement of xylanase action by the addition of P-xylosidase (Fig.   Sb) . Purified oa-arabinofuranosidase exhibited limited saccharifying activity against oat spelt xylan and only produced a direc'tly additive effect when added to endoxylanase (Table  4} . Although endoxylanase and arabinofuranosidase produced very low levels of reducing sugar from straw (Table  4) , some form of cooperativity when they were applied together was clearly apparent. Finally, the combination of partially purified T. fusca endoxylanase and a commercial Trichoderma cellulase preparation produced a sugar yield from straw that was 64% greater than expected (Table 5) , again indicating a synergistic effect.
DISCUSSION
The xylan-degrading enzyme system of T. fusca BD21 is complex, comprising a range of en'zyme activities, some of which are expressed in multiple forms. The levels of endoxylanase activity produced are higher than those of most bacteria and fungi and comparable to those reported for a Streptomyces sp. (36) and Trichoderma harzianum (51) . The T. fusca endoxylanase activity exhibits broad pH and temperature optima that are similar to those noted in other actinomycetes (3, 38) and Bacillus spp. (20, 41) , and its thermostability is similar to those of Thermoascus aurantiacus (50) and Clostridium stercorarium (5), which are among the most thermostable endoxylanases examined to date. In addition, the crude T. fusca endoxylanase exhibits a Km in the range-reported for other actinomycetes (4) and appears to have a-higher affinity for xylan than those reported for mesophilic fungi (13, 49) and Clostridium spp. (5, 31) . As a potentially useful source of xylanase, T. fusca therefore has much to commend it.
T. fusca has also been extensively studied as a source of analogous to cellobiose inhibition of cellulase (14) . Up to six active endoxylanases were detected here and in another strain (4) , and two of these proteins have been identified in the T. fusca YX strain (15) , whose endoglucanases have been the subject of detailed biochemical and genetic characterization (10, 16, 17, 55) . It can now be concluded that, in T. fusca at least, endoxylanases are distinct from endoglucanases, contrary to reports of broad specificity and crossreactions in some actinomycetes and other microorganisms (31, 43, 54) .
The component structure of the T. fusca endoxylanase system also conforms to the suggested pattern of xylanase multiplicity (57) . Microorganisms produce a mixture of highmolecular-weight acidic and low-molecular-weight basic xylanases, with streptomycetes characterized by the relatively neutral pIs of the high-molecular-weight forms. The data reported here for T. fusca suggest that this observation could extend to actinomycetes as a whole. T. fusca appears to produce a mixture of monomers (32 and 24 kDa) and possibly dimers, since denaturation with SDS always resulted in detection of the two low-molecular-weight xylanases only. Furthermore, three basic isomers of the 32-kDa xylanase were separated by preparative chromatofocusing, and such isoenzymes are relatively common in microbial xylanolytic systems (44) . The association of catalytic activity with enzyme subunits is probably related to the complexity of in situ xylan structure; synergy between these various forms of endoxylanase is likely, as has been described for Trichoderma harzianum (56) . This complexity is in marked contrast to the 3-xylosidase (2) and arabinofuranosidase of for the presence of both 40-kDa and 20-kDa forms in the culture supernatant. Whether such acetyl esterases are also capable of attacking acetyl ester bonds in xylan has been controversial and is partly due to a lack of work on purified enzyme preparations; the acetyl ester bond is extremely labile, and simple endoxylanase attack can result in some release of acetyl residues (Table 4) . We also found that p-nitrophenylacetate was an unstable substrate for acetyl esterase assays; this, combined with the above factors, may have contributed to the reports of poor correlation between these activities (23, 27) . We have shown unequivocally that T.' fusca acetyl esterases that act on 4-methylumbelliferyl acetate, both the major intracellular and extracellular forms, can attack acetylated xylan and thus release acetic acid. A distinction between acetyl esterases and acetyl xylan esterases has been made for some fungi and streptomycetes (9, 23, 34) , but our results support the contention of others that the same group of proteins is responsible for both activities (7, 39) . Some form of cooperative activity between xylanase and acetyl esterase has been described in fungal systems (6, 42) and is also apparent in acetylated xylan degradation by T. fusca enzymes.
In summary, a complex multicomponent xylan-degrading enzyme system has been identified in T. fusca, in keeping with emerging trends in the analysis of microbial xylanolytic activity (57) . Functional implications of multiple endoxylanases have yet to be determined, but cloning and expression of components in isolation, as has already been achieved with one of the endoxylanases (15) (34) will need to be included. Ultimately, this approach of analyzing structure and function in relation to cooperative enzymic attack on lignocellulose will be extended to involve cellulases and peroxidases.
